Background: The so-called antikeratin antibodies and the antiperinuclear factor are the most specific serological markers of rheumatoid arthritis (RA). They were recently shown to be largely the same autoantibodies and to recognize human epidermal filaggrins and profilaggrin-related proteins of buccal epithelial cells (collectively referred to as (pro)filaggrin). Materials and Methods: To further characterize the target antigens, we investigated their expression by normal human epidermal keratinocytes cultured in differentiating conditions, using immunofluorescence and
INTRODUCTION
Numerous circulating antibodies, including rheumatoid factors (1) and antibodies to various cellular components (2, 3) have been described in sera from patients with rheumatoid arthritis (RA). Most of the antibodies, however, are also present in sera from patients with other autoimmune diseases and therefore cannot be used as reliable criteria for the diagnosis of RA. An exception is the antiperinuclear factor that decorates perinuclear granules in the superficial cells of the human buccal mucosa epithelium, which for 30 years has been considered to be specifically associated with RA (4, 5) . Similarly, the G immunoglobulins, first described by Young et al. (6) to label the stratum corneum of the rat esophagus 146 Molecular Medicine, Volume 3, Number 2, February 1997 epithelium and called "antikeratin antibodies," have also been found to be highly specific markers of the disease (5, (7) (8) (9) (10) . Recent evidence has indicated that antikeratin antibodies and the antiperinuclear factor are essentially the same autoantibodies (1 1). These genuine autoantibodies, which also label the stratum corneum of human epidermis (6, (12) (13) (14) , have been detected with high titers in rheumatoid synovial fluids (7, 15) and have been shown to appear precociously and even precede the clinical symptoms of the disease (16, 17) . This suggests that these autoantibodies could be involved in the pathophysiology of RA.
Characterization of the rat esophagus epithelial antigens showed that these antibodies do not recognize cytokeratins, the major protein component of the stratum corneum, but rather, three late epithelial differentiation proteins immunologically related to rat (pro)filaggrin (18) . In the stratum corneum of human epidermis, evidence including data from immunoabsorption experiments indicates that the epidermal filament-aggregating protein filaggrin and its neutral/acidic isoform are the targets of these antibodies (19) . Moreover, these antibodies also detect (pro)filaggrin-related proteins in buccal epithelial cells. Based on these data, we propose naming them "antifilaggrin autoantibodies" (AFA) (1 1) .
Filaggrin is a histidine-rich cationic protein present in the cornified layers of mammalian epidermis (20, 21) . It is synthesized in the stratum granulosum, the epidermal layer located just below the stratum corneum, as a high-molecular-weight phosphorylated precursor, profilaggrin, consisting of 10 to 12 filaggrin units separated by linker peptides. This precursor is located in the keratohyalin granules of the stratum granulosum and is processed into filaggrin monomers by dephosphorylation and proteolysis (22) (23) (24) . Extraction from epidermis of profilaggrin and of the mature basic filaggrin, which aggregates the cytokeratins, requires high urea concentrations, whereas isolation of the neutral/ acidic isoform of filaggrin can be achieved using a low-salt buffer (19) . All of these forms are collectively referred to as (pro)filaggrin.
A recent study showed that epidermal profilaggrin is not recognized by RA sera (12) . Furthermore, in the noncornified buccal epithelium, the molecule recognized by RA sera corresponds neither to epidermal profilaggrin nor to any of the isoforms of filaggrin described above but to a modified profilaggrin (1 1).
To further characterize the (pro)filaggrin- Proteins from the urea extracts were separated by nonequilibrium pH gel electrophoresis in the first dimension because with isoelectrofocusing, the very basic filaggrin would migrate out of the gel. PhastGels were dried and rehydrated in 6 M urea, 0.5% Nonidet P-40, containing ampholytes generating a 5-8 pH gradient as described by the manufacturer. The two-dimensional calibration kit of Bio-Rad was used to assess the pl of the proteins. SDS-PAGE was performed in the second dimension.
Immunoblotting
After electrophoresis, proteins were electrotransferred onto nitrocellulose. They were probed as previously reported (28): briefly, membranes were incubated in blocking buffer (10 mM Tris-HCI, pH 8, 150 mM NaCl with 0.05% Tween 20, and 0.5% skimmed dried milk). Nitrocellulose membranes were incubated overnight with the first antibodies diluted in blocking buffer (AKH1 and human sera were diluted to 1:100, AHF1 and AHF7 at 5 ,ug/ml, and EE21-06 at 2.5 ,ug/ ml). After exhaustive washing in blocking buffer, the membranes were incubated for 90 min with the second antibodies diluted in blocking buffer: (FIG. 2) . Since in cultured epidermal sheets the indirect immunoflorescence distributions of RA-associated antigens and of (pro)filaggrin were similar, we localized them by double indirect immunoflorescence staining using an RA serum and AKH1. The RA-associated antigens and (pro)filaggrin colocalized in the keratohyalin granules of the epidermal sheet granular layer. When a thick stratum corneum was present, the antigens also colocalized at this level (not shown).
Immunochemical Studies ONE-DIMENSIONAL IMMUNOBLOTTING ANALYSIS (FIG. 3) .
The RA sera and all the anti(pro)filaggrin MAbs showed the same reactivity to the low-salt extracts obtained from cultured keratinocytes. the RA sera and all the anti(pro)filaggrin MAbs recognized only a diffuse band at around 40 kDa, which corresponds to the low-salt-soluble neutral/acidic isoform of epidermal filaggrin (19) . In the urea extracts from cultured keratinocytes, in spite of the proteins being concentrated, reactivity around 40 kDa was not observed, neither with MAbs nor with RA sera, indicating that the mature basic filaggrin was not expressed in vitro. At higher molecular weights, a diffuse reactivity above 100 kDa was observed with the RA sera and with the three anti(pro)filaggrin MAbs. All the sera, including the controls, weakly recognized proteins of about 50 and 66 kDa, which proved to be cytokeratins KI and K10/11 since they were also reactive with the MAb EE21-06. In the urea extracts from normal epidermis, the RA sera and the three anti(pro) filaggrin MAbs recognized a protein of about [37] [38] [39] [40] kDa corresponding to the basic filaggrin. AKH1 and AHF1 exhibited an additional diffuse reactivity towards a high-molecular-weight antigen >200 kDa, which corresponds to profilaggrin. Reactivity was not observed in this zone, neither with AHF7, which does not to recognize profilaggrin, nor with the RA sera. The control MAb EE21-06 and the human sera reacted with the cytokeratins in the 50-66 kDa zone. Some of the human sera and EE21-06 also exhibited an intense reactivity ranging from 66 to >200 kDa. This reactivity resulted from cytokeratin aggregation, induced by overloading polyacrylamide gels to improve the sensitivity of immunodetection of (pro)filaggrin.
TWO-DIMENSIONAL IMMUNOBLOITING ANALYSIS: LowSalt Extracts (Fig. 4) (12, 27) . In the low-salt extracts from the cultured epidermis, AKH1, AHF 1, AHF7, and the RA sera also recognized other (pro)filaggrin-related proteins that exhibited a wide heterogeneity in both charge and size. The low-salt-and urea-soluble (pro)filaggrin-related molecules probably result from various biochemical modifications of profilaggrin. Some of these molecules (probably the urea-soluble high-molecular-weight proteins) could be present in the keratohyalin granules, whereas others (probably the most processed, i.e., the lowest-molecularweight molecules extracted in a low-salt buffer) could be present in the stratum corneum and would be responsible for its labeling by AHF7 and the RA sera.
The two-dimensional electrophoresis migration of the low-salt-soluble antigenic proteins, as a series of molecules exhibiting the same S-shaped pattern, resembles that of a multimeric system composed of monomeric proteins and various polymeric associations of these monomers. Similar S-shaped profilaggrin-related molecules were previously described by Asselineau et al. (33) using one-step urea extracts of human keratinocyte cultures grown in differentiating conditions. Aberrant migration due to extensive post-translational modifications could explain such an S-shaped pattern. The low-salt-soluble neutral/acidic isoform of filaggrin extracted from normal epidermis partially colocalized with the lowest size monomer extracted under the same conditions from the cultured epidermis. Thus, the multimeric system might correspond to molecules formed by one to 12 neutral/acidic filaggrin units. These molecules might accumulate in culture epidermis because of an interruption or decrease in profilaggrin processing which, in normal epidermis, involves several proteases and phosphatases (for a review, see ref. 23) . A low level of phosphatase(s) activity in the cultured epidermis could cause an incomplete dephosphorylation of the precursor and therefore modify the susceptibility of the linker peptides to proteolysis, resulting in an accumulation of partially dephosphorylated and proteolyzed profilaggrin.
These immunohistological and immunochemical results show that the RA-associated antigenic molecules expressed in our cultures share the same characteristics of antigenic molecules previously identified in buccal epithelium and in epidermis. Indeed, some of the molecules expressed in vitro are located in the keratohyalin granules of the granular cells as in buccal epithelium. The high-molecular-weight, low-saltsoluble S-shaped molecules also exhibit similar biochemical properties to the 200-400 kDa perinuclear antigen of the buccal epithelial cells (1 ) . On the other hand, the 40-70 kDa S-shaped protein partially comigrates in two-dimensional electrophoresis with the commashaped neutral/acidic filaggrin extracted from normal human epidermis. These data suggest that the cultured epithelial sheets in our in vitro model reach a stage of differentiation that is an intermediate between that of buccal epithelium and of epidermis, giving rise to new molecular forms of (pro)filaggrin.
The present study underlines the complexity of the events that occur during epidermal profilaggrin maturation. It illustrates the difficulty in obtaining basic filaggrin expression in cultures of 153 human keratinocytes, owing to the difficulty in achieving terminal differentiation in vitro. The conversion of profilaggrin into mature filaggrin had been proposed to occur in human keratinocytes grown on a collagen matrix at the liquidair interface and after extensive removal of retinoids from the culture medium by serum delipidization (33) . However, in this study, protein extraction with urea was performed as a one-step procedure, and filaggrin expression was determined by two-dimensional, nonequilibrium pH gel electrophoresis/SDS-PAGE. It is known that this method does not allow discrimination between the basic and the neutral/acidic isoforms of filaggrin. Evaluation of the pl range of the molecules extracted or isolation of a basic filaggrin by anionic exchange chromatography would be necessary to definitively conclude that mature basic filaggrin is indeed expressed in this type of culture. Regardless, this in vitro model will be useful to analyze the antigenicity of the molecules toward AFA.
Various factors are involved in the regulation of keratinocyte differentiation. In human epidermal keratinocytes cultured on emerged fibroblast-collagen lattices, retinoic acid was shown to be able to provoke metaplasia and to prevent keratinization of the tissue (34). Kautsky et al. (35) showed that this negative regulation of oral keratinocyte differentiation by retinoic acid could be modulated by the origin of the fibroblasts underlying the epithelial cells: fibroblasts from the noncornified zones of oral mucosa potentiated the effects of retinoic acid, compared with fibroblasts from cornified zones of the mucosa.
These data indicate that keratinocyte differentiation and consequently, profilaggrin processing are not only tissue-specific but also closely depend on the conditions of keratinocyte culture. This may explain the results obtained by Hoet and co-workers (36) that appear to contradict ours. These authors analyzed the expression of the antiperinuclear factor antigens in human buccal mucosa keratinocytes cultured on a 3T3 fibroblast feeder layer that were induced to differentiate by addition of 12-0-tetradecanoylphorbol-13-acetate. This treatment induced the appearance of granules in the cultured buccal epithelial sheets and of (pro)filaggrin-related molecules in the granules. However, molecules reacting with RA sera were not detected. We assume that 12-0-tetradecanoylphorbol-13-acetate only allowed the expression in the keratohyalin granules of a molecular form of profilaggrin similar to phosphorylated epidermal profilaggrin and that, as in human epidermis, the molecule was recognized by AKH1, a monoclonal antibody to (pro)filaggrin, but not by RA sera. Further maturation of profilaggrin, which is necessary to generate the epitopes recognized by AFA, probably did not occur in this in vitro model. Pulse-chase labelings with 32P-orthophosphate on various models of keratinocyte cultures will allow us to test whether dephosphorylation is a crucial event in the appearance of the epitopes recognized by AFA on the (pro) filaggrin-related antigens. Such studies might also contribute to the elucidation of the mechanisms of profilaggrin maturation, which are well known in the mouse and the rat (24, (37) (38) (39) , but poorly understood in humans.
In conclusion, we have described the antigenic molecules targeted by the RA-associated AFA, which are expressed by normal human epidermal keratinocytes cultured in differentiating conditions. We have shown that these molecules are immunologically and biochemically related to epidermal (pro)filaggrin and are exposed on keratohyalin granules, just as antiperinuclear factor antigens are exposed on keratohyalin granules of human buccal epithelial cells and borne by profilaggrin-related molecules. The identification of the epitopes recognized on the various differentiation-specific molecular forms of filaggrin and profilaggrin is now under investigation. This identification will allow the search of putative cross-reactive autoantigens in synoviocytes and chondrocytes. It will also help to illuminate the mechanism(s) of autoantibody production. Lastly, it might open the way toward specific immunosuppressive and/or preventive therapeutics of RA.
